[1] With an aim to estimate how much phytoplankton population remains within the mixed layer during winter and acts as seeds for blooming in the following spring, the downward particle flux from the convective mixed layer is investigated by analyzing the motion of a large number of Lagrangian particles in the ocean mixed layer simulated by large eddy simulation. It is found that W/w s decreases gradually from 1 to 0 with w d /w s , where W is the sedimentation rate, defined as the ratio of downward particle flux to the mean particle concentration within the mixed layer; w s is the terminal velocity of a particle settling in still fluid; and w d is the deepening velocity of the mixed layer depth (MLD). It is in contrast with the previous hypothesis that W = w s for w d > w s and W = 0 otherwise. The new parameterization W/w s = exp[−1.4(w d /w s )] leads to much higher particle concentration after winter than the previous estimation, when w d < w s . The present result suggests that the escape of particles from the mixed layer occurs stochastically, and its probability is determined by turbulence at the MLD and by the mixed layer deepening, both of which are represented by w d /w s .
Introduction
[2] Estimation of the downward flux of phytoplankton from the ocean mixed layer to the deeper ocean constitutes a critical part in clarifying the biogeochemical process in the ocean [e.g., Fasham, 2003; Denman and Gargett, 1995] . In particular, it is important to predict what fraction of phytoplankton and particles remains within the mixed layer during winter, because the remaining plankton provides a seed for the bloom in the following spring [Sverdrup, 1953] . The downward flux of phytoplankton from the mixed layer also controls the biological pump that plays an important role in the ocean carbon cycle. Meanwhile, the time spent by phytoplankton in the mixed layer before sinking has an important bearing on plankton dynamics such as the vertical distribution of biomass, rates of primary production, and biogeochemical cycling.
[3] Several simple models have been proposed for the prediction of the decrease of the mean particle (or plankton) concentration within the mixed layer by the downward particle flux from the mixed layer [Lande and Wood, 1987; Ruiz et al., 1996 Ruiz et al., , 2004 Serra et al., 2003; D'Asaro, 2008] . It is typically predicted by using a formula such as
where C is the mean particle concentration within the mixed layer, h is the mixed layer depth (MLD), and W is the sedimentation rate, defined as the ratio of downward particle flux (WC) to C. Taking into account the dilution of particle concentration by the mixed layer deepening, D'Asaro [2008] suggested the solution of (1) as
where C 0 and h 0 are the initial values of C and h. It was also suggested that the RHS of (1) needs to be modified by considering the ratio of the concentration near the bottom of the mixed layer to the mean concentration [Ruiz et al., 1996] .
[4] It is usually assumed that particles settle across the MLD with constant velocity corresponding to the terminal velocity of a particle settling in still fluid w s [Lande and Wood, 1987; Ruiz et al., 1996; Serra et al., 2003; D'Asaro, 2008] . As a result, the particle flux cannot occur, when the deepening velocity of MLD w d (=dh/dt) is larger than w s ; i.e., W/w s = 0 for w s < w d , and W/w s = 1 for w s > w d [see, e.g., D'Asaro, 2008] . This hypothesis will be referred to as 'the previous hypothesis' in the present paper.
[5] However, there has been no direct evaluation of the value of W/w s so far, and its relation to w d /w s is not yet clarified. Furthermore, many questions still remain unresolved regarding the sedimentation of particles from the mixed layer, due to the lack of understanding of its dynamical process at a fundamental level. Recent progress in large eddy simulation (LES) of the ocean mixed layer makes it possible to investigate the motion of suspended particles in the ocean mixed layer directly [Skyllingstad, 2003; Noh et al., 2006] . For example, Noh et al. [2006] investigated the effects of turbulence on particle settling by analyzing the motion of a large number of Lagrangian particles in the ocean mixed layer simulated by LES, and found that the settling velocity of particles in the mixed layer is smaller than w s , and is further decreased in the presence of Langmuir circulation. However, they considered only the case of the mixed layer with uniform density without a thermocline and surface heat flux.
[6] In this paper we investigate the process of the downward particle flux from a convective mixed layer using LES with an aim to provide information on how much plankton will remain within the mixed layer after winter. The dynamical process of the particle flux is clarified, and its parameterization in terms of the conditions of the mixed layer and particles is proposed. The prediction from the new parameterization is compared with that based on the previous hypothesis. As we are mainly concerned with the fluid dynamical process, we regard plankton as suspended particles.
LES Model and Simulation
[7] The LES model for the ocean mixed layer used in this study is similar to that used by Noh et al. [2004 Noh et al. [ , 2006 Noh et al. [ , 2009 and Min and Noh [2004] . In the present simulation, however, only the case of pure convection was considered without the effects of wind stress, wave breaking, and Langmuir circulation. Details of the LES code are given by Raasch and Schröter [2001] .
[8] The model domain was 300 m in the horizontal directions (x and y) and 80 m in the vertical direction (z). A free slip boundary condition was imposed at the surface. The number of grid points was 240 × 240 × 64, and the corresponding grid sizes were 1.25 m in both horizontal and vertical directions. The Coriolis force was given by f = 1.2 × 10 −4 s −1
. The horizontal boundaries were periodic, and a radiative free slip boundary condition was applied at the bottom. Simulations were carried out with the wide range of the surface buoyancy flux Q 0 , from 1/6 × 10 −7 to 6 × 10 −7 m 2 s −3 . In the present paper experiments with different Q 0 are referred to by the magnitude of Q 0 in units of Q (=10 −7 m 2 s −3 ); for example, EXP 6Q for Q 0 = 6 × 10 −7 m 2 s −3 . The initial density profile was uniform down to h 0 (=10 m), and stratified below with N 2 = 10 −4 s −2 .
[9] For the motion of a particle, we followed the method used by Noh et al. [2006] . The velocity of a suspended particle V under the influence of turbulent velocity u is given by [e.g., Eames and Gilbertson, 2004; Noh et al., 2006] 
if the particle Reynolds number is sufficiently small
, where d is the diameter of a particle, n is kinematic viscosity, and w s = (0, 0, w s ). Here t p is the inertial response time of a particle, C M is the added mass coefficient determined by the particle geometry (equal to 1/2 for a spherical particle), and b is the ratio of densities of a particle and fluid, defined by b = r p /r f , where r p and r f represent the particle and fluid density, respectively.
[10] In the present work we considered the case with w s = 10 −3 m s −1 and t p = 10 −4 s, in a similar way to Noh et al. [2006] . The value of w s used here is comparable to the largest among phytoplankton, such as diatom aggregates in the range 50-200 m/d (0.58-2.3 × 10 −3 ms −1 ) [Kranck and Milligan, 1988; Passow, 1991; Smayda, 1974] . Here a large value of w s was chosen in order to avoid too long integration time.
[11] Integration was carried out without particles until the quasi-steady state is approached in the statistical property of turbulence; that is, until t = 6h 0 /w * , where w * (=(Q 0 h) 1/3 ) is the convective velocity scale. At this moment, which is defined as the initial time, i.e., t = 0 s, 90,000 particles were released in the near surface level (z = 2.5 m) with uniform horizontal distribution. Integration was then continued until t* [≡t/(h 0 /w s )] = 2. Note that all particles must settle across z = h 0 at t* = 1 in the absence of turbulence.
Results

Characteristics of the Flow Field
[12] Before analyzing the motion of suspended particles in the ocean mixed layer, it is necessary to understand the structure of turbulent flows simulated by LES. Figure 1a shows the growth of MLD with time for different Q 0 , where h is defined as the depth with the maximum buoyancy flux. The prediction from nonpenetrative convection, based on the heat balance within the mixed layer, such as h = h 0 + (2Q 0 t) 1/2 /N [Turner, 1973] , is also shown. As convection becomes stronger with increasing Q 0 , h tends to be deeper than the prediction from nonpenetrative convection. Corresponding variation of w d /w s is shown in Figure 1b . Here triangular marks denote the moments from which w d becomes smaller than w s .
Evolution of Particle Settling With Time
[13] Figure 2 shows the distributions of vertical velocity and particles at the vertical cross sections for three experiments (EXP Q/4, Q, and 4Q) at t* = 0.5 and 2. Most particles at t* = 0.5 remain within the mixed layer in all experiments, even though w d /w s is already smaller than one in the cases of EXP Q/4 and Q (see Figure 1b) . The distribution of particles at t* = 2 indicates clearly, however, that the front of sinking particles advances below the MLD in EXP Q/4, whereas most particles still remain within the mixed layer in EXP 4Q. It is also observed that the direction of vertical velocity of particles, represented by a triangle, is closely related to the convective velocity field within the mixed layer, but it is predominantly downward below the mixed layer.
[14] The vertical motion of settling particles is illustrated by tracks of vertical positions of particles (Figure 3) . Particle tracks show that particles move up and down over the whole depth of the mixed layer following convective eddies, similar to the tracks of Lagrangian floats during the field experiment [D 'Asaro, 2008] . It is in contrast to the case of the mixed layer driven by wind stress in which particle tracks show small-scale oscillation [Noh et al., 2006] . Once particles escape the mixed layer, they sink with more or less uniform velocity.
[15] Figure 3 also reveals that particles are swept down rapidly to the bottom of the mixed layer by convective eddies over the time scale much shorter than h/w s , or t* = 1. It means that the time scale of particle settling within the mixed layer is determined by advection following convective eddies rather than by gravitational settling, as long as w*/w s ) 1.
[16] Meanwhile, it is interesting to observe that, when particles reach the bottom of the mixed layer, sometimes they escape the mixed layer, but sometimes return to the interior of the mixed layer, as indicated by red and blue tracks respectively in Figure 3 . It suggests that the escape of particles from the mixed layer occurs stochastically, determined by the local structure of turbulence near the bottom of the mixed layer. In other words, if a particle is advected by a strong convective eddy impinging on the MLD, it is taken back to the mixed layer interior, as shown by a blue line, but, if it is not, it sinks gravitationally out of the mixed layer, as shown by a red line.
[17] Figure 4 compares the time evolution of the vertical profiles of horizontally averaged particle concentration and buoyancy, C(z) and B(z) in EXP Q/4, Q, and 4Q. Here C(z) Particle concentration is found to be rather uniform within the mixed layer in all experiments, reflecting strong turbulent mixing by convective eddies. It is observed, however, that C becomes higher near the MLD in EXP Q/4 and Q. Especially, in the case of in EXP Q/4, the maximum C appears at the depth corresponding to the front below the MLD. On the other hand, the entrainment of fluid with low C at the base of the mixed layer decreases C near the MLD in EXP 4Q.
Downward Particle Flux From the Mixed Layer
[18] In order to estimate how many particles sink out of the mixed layer, we calculated P(=1 − R h 0 C(z)dz = 1 − Ch) ( Figure 5 ). Figure 5 shows that P increases almost linearly with time after the initial period in all experiments, although dP/dt is larger for smaller Q 0 . Especially, it is found that dP/dt is not affected by the transition from w d /w s > 1 to w d /w s < 1. Note that the sudden start of the particle flux is expected at the moment w d /w s = 1, according to the previous hypothesis. Furthermore, the fact that particle flux starts much earlier than t* = 1 reflects that particles are swept down rapidly to the bottom of the mixed layer by convective eddies rather than settle gravitationally, as manifested in Figure 3. 
Relationship Between Downward Particle Flux and the Mixed Layer Deepening
[19] The sedimentation rate W is expected to be determined by w s , Q 0 , N, h 0 , and t in the present problem; that is,
For example, in the absence of turbulence, the effects of Q 0 and N disappear, and dimensional analysis leads to W/w s = f (t/(h 0 /w s )); that is, if particles start at z = 0 m, sedimentation starts (W > 0) at t = h 0 /w s . However, convective eddies take particles to the bottom of the mixed layer soon after the initiation of particle settling (t* ( 1), and maintain uniform particle concentration within the mixed layer, as shown in Figures 3 and 4 . Therefore we can delete the explicit dependence on t and replace h 0 by h in (4) after the initial stage.
[20] Furthermore, since w d and w * are determined by Q 0 , N, and h, we can replace Q 0 and N in (4) by w d and w * . For example, we can assume w * = (Q 0 h) 1/3 and w d = 2Q 0 / (N 2 (h − h 0 )) in the case of nonpenetrative convection [Turner, 1973] . Under this condition, dimensional analysis leads to the relation
Here w d /w s represents two different physics affecting the particle flux from the mixed layer. First, w d /w s represents the effect of the descending bottom of the mixed layer, which makes it more difficult for particles to escape the mixed layer. Second, since w d is determined by turbulent eddies, which are affected by stratification at the MLD, w d /w s also represents their effects on the particle flux from the mixed layer; that is, whether they are strong enough to take particles back to the mixed layer interior or not. On the other hand, w * /w s represents the effect of convective turbulence on particle settling within the mixed layer.
[21] The fact that the particle concentration becomes uniform within the mixed layer soon after the release of particles and the sedimentation occurs continuously thereafter, as shown in Figures 4 and 5 , suggests strongly that the sedimentation of particles from the mixed layer is controlled not by how long it takes for particles to reach the MLD, but by how effectively particles at the MLD escape the mixed layer. It also implies that it is the turbulence at the bottom of the mixed layer that determines the particle flux, represented by w d , not the turbulence within the mixed layer, represented by w * . The contribution of w * is only to mix particles uniformly within the mixed layer. Accordingly, we can expect that W/w s is mainly determined by w d /w s , rather than w * /w s .
[22] Figure 6a actually shows that a good correlation exists between W/w s and w d /w s . Here data from additional experiments with stronger initial stratification (N 2 = 5 × 10 −4 s −2 ) are also included, in which case w * /w s is much larger for the same w d /w s . What is the most remarkable in Figure 6a is that W/w s decreases gradually with increasing w d /w s , contrary to the previous hypothesis that W = w s , if Figure 6a .
[23] On the other hand, data are largely scattered in the relation between W/w s and w * /w s (Figure 6b ). In particular, W/w s increases with h for a given experiment with constant Q 0 , but it decreases with Q 0 , contradictory to the dependence on w * /w s .
[24] The gradual decrease of W/w s with w d /w s confirms again that the escape of particles from the mixed layer occurs stochastically and its probability decreases gradually with w d /w s , as suggested by Figures 3 and 5 . In other words, some particles can sink out of the mixed layer, even if w d /w s > 1, and some particles can remain within the mixed layer, even if w d /w s < 1, depending on the local condition of convective eddies impinging on the bottom of the mixed layer. According to Figure 6a , particles have much higher chance to remain within the mixed layer than expected from the previous hypothesis when w d < w s , and thus results in much higher particle concentration within the mixed layer after winter. For example, when w d is slightly smaller than w s , W/w s ffi 0.2, compared to W/w s = 1 from the previous estimation.
Comparison of the Prediction of Particle Concentration Decrease During Winter
[25] Figure 7 shows the decrease of C during winter predicted from (2) in which both the new parameterization and the previous hypothesis are used for W. It shows that the difference between two cases is not so significant when w d /w s < 1 (w s = 0.1, 2, 7 m/d), because the effect of dilution by increasing MLD is more important here. On the other hand, when w d /w s > 1 (w s = 13, 86 m/d), much larger values of C are predicted from the new parameterization. For example, in the case of w s = 13 m/d the predicted C is larger by more than one order after winter. Probably it explains how large size phytoplankton such as diatom aggregates can be sustained within the mixed layer after winter [Backhaus et al., 2003; Perez et al., 2005] .
Conclusion
[26] In the present study, we analyzed the Lagrangian motion of a large number of suspended particles in the convective mixed layer using LES with an aim to estimate the particle flux out of the mixed layer. It provides information on how much phytoplankton population remains within the mixed layer during winter and acts as seeds for blooming in the following spring.
[27] It is found that W/w s decreases from 1 to 0 gradually with w d /w s , contrary to the previous hypothesis W/w s = 1 at w d /w s < 1 and W/w s = 0 at w d /w s > 1. The new parameterization W/w s = exp[−1.4(w d /w s )] leads to much higher particle concentration within the mixed layer after winter when w d /w s < 1, compared to the estimation based on the previous hypothesis.
[28] The present result suggests that sedimentation of particles from the mixed layer occurs stochastically, and its probability is determined by the turbulence at the base of the mixed layer and by the mixed layer deepening, both of which are represented by w d /w s . Meanwhile, the turbulence within the mixed layer mainly contributes to maintaining a uniform concentration within the mixed layer.
[29] The present work mainly concerned the fluid dynamical aspect. In order to predict the spring bloom practically, however, many other processes must be taken into account. For example, the variation of plankton population is also affected by the biological behavior of phytoplankton such as production, growth, grazing, coagulation, response to light, etc. [Ruiz et al., 1996] . Convection provides a nutrient flux into the euphotic zone and modifies how much time phytoplankton spends in the euphotic zone besides affecting particle settling [Fasham, 2003] . Hopefully the incorporation of these effects into the LES model in the future will provide information that can be directly applied to the prediction of phytoplankton population.
